Abstract. Previous task-switching research raises a question concerning the role of episodic memory processes in cognitive control. The question is framed by the contrast between two procedures, explicit cuing and randomized runs, one of which presents a task cue perceptually on every trial and the other of which involves uncued trials. The present study compares performance across these procedures. Performance errors sensitive to errors in focusing on the correct task were higher under explicit-cuing conditions than under randomized-runs conditions, consistent with a high level of proactive interference from old task information. The results support an account in which control codes stored in episodic memory play an integral role in cognitive control, even under conditions in which all information needed for performance is perceptually available.
A central question in the study of cognitive control is how the system is able to respond flexibly to changing environmental constraints. This question is often studied using task-switching procedures in which there are different candidate tasks to perform on each imperative stimulus and the environment periodically presents a cue to indicate which task to perform now (Kiesel et al., 2010; Vandierendonck, Liefooghe, & Verbruggen, 2010) .
One specific question raised by such procedures concerns the role of episodic memory processes. The question is framed by the contrast between the explicit-cuing and randomized-runs procedures. In the former, a task cue (randomly selected) is presented for each trial. The cue typically onsets first, often followed by a cue-stimulus interval (CSI) and then onset of the target stimulus, after which the cue and target remain displayed together. The participant applies the task signified by the cue to the imperative stimulus to make a response, after which the next trial begins with another cue. In the randomized-runs procedure, a task cue (also randomly selected) is presented at the start of a run of consecutive trials and then withdrawn, and indicates the task to perform for the full run. The cue typically offsets before the target stimulus for the first trial of the run onsets (e.g., Altmann & Gray, 2008) , but the procedure can also be set up so that the first trial of a run is an explicit-cuing trial, with the cue and the imperative stimulus visible together, with some number of uncued trials coming afterwards. This is the approach taken in the experiment presented here.
The two procedures differ in terms of whether it is functionally necessary for information about the current task to be stored in episodic memory. In the randomized-runs procedure, some representation of the current task -what I refer to as a control code -must be stored in episodic memory to govern performance on uncued trials. (I use the term ''episodic memory'' to emphasize the event-based nature of control codes, which are hypothetically encoded from each new cue presentation as described below.) In contrast, in the explicit-cuing procedure, a task is relevant for only one trial and does not need to be stored in memory. (In the alternating-runs procedure, which is also in common use, episodic memory is just one candidate source of information about the current task, so isolating the role of any one source is difficult; Altmann, 2007a.) In previous theoretical work (Altmann & Gray, 2008) , we assumed that fine-grained episodic memory processes are in fact involved in explicit-cuing performance -that control codes serve to organize the various operations involved in making a response to a stimulus, even when these operations are relatively few and not that complex. In our model, performance of a cued trial -under explicit-cuing as well as randomized-runs conditions -involves the following sequence of stages: 1. Perceptual cue encoding. 2. Control-code activation. 3. Task focusing. 4. Imperative stimulus interpretation. 5. Response selection and execution.
Two of these stages represent episodic memory processes. Control-code activation creates and activates a new control code. This stage is triggered every time a cue is presented, so there are many codes represented in episodic memory. However, they also all decay, starting the moment activation is complete, so the most recent code is usually the most active (modulo noise in activation levels). Task focusing involves retrieving the most active control code from episodic memory. Usually the retrieved code will be the most recent one, because older codes will have decayed, but sometimes an older code will be transiently more active (due to noise in activation levels) and will therefore be retrieved instead. An intrusion like this constitutes a task-focusing error. Whichever control code is retrieved, the system takes the meaning represented by that code and places it in the mental focus of attention, from where it guides interpretation of the imperative stimulus. Task focusing hypothetically occurs on all trials, cued and uncued, reflecting our assumption that control information in the mental focus of attention is labile, to support cognitive flexibility.
The aim here is to assess empirically whether controlcode activation and task focusing operate under explicitcuing conditions. The larger theoretical question is whether fine-grain episodic memory processes are an integral part of cognitive control, as we assumed (Altmann & Gray, 2008) , or whether they are deployed only when task information has to be stored for use later when no task cue is perceptually available. I refer to the two contrasting hypotheses in terms of an integral role for episodic memory versus a conditional role for episodic memory.
I evaluate these two hypotheses empirically by contrasting performance across explicit-cuing and randomized-runs conditions. In the experiment reported below, the primary manipulation of interest is run length, the number of trials governed by a particular task cue. The levels are 1, 2, 3, and 5. In all cases, the task cue is perceptually available through the first trial of the run, meaning that the Run length 1 condition corresponds exactly to explicit-cuing conditions (and I use the terms interchangeably). The cue offsets after the first trial, so Run lengths 2, 3, and 5 all involve uncued trials (1, 2, and 4 per run, respectively). The run length manipulation is between subjects, so that the system is able to adapt cue-related processing to a given run length, without danger of strategic carryover effects clouding the results (Altmann, 2004a (Altmann, , 2004b .
Two empirical patterns are of interest. The first and more obvious one concerns response latencies on cued trials. If cued-trial latencies are faster under explicit-cuing conditions than under randomized-runs conditions, this would suggest fewer cue-related processing stages in the former case, consistent with a conditional role for episodic memory.
The second and more complex empirical pattern involves the difference between error rates on incongruent and congruent trials and how this changes with run length. An incongruent trial (in the task-switching context) is one on which the correct response differs depending on the task, whereas a congruent trial is one on which the correct response is the same for both tasks. The difference in error rates between the two is a measure of task focusing (Altmann & Gray, 2008; Ikeda & Hasegawa, 2012; Meiran & Daichman, 2005; Steinhauser & Hubner, 2006) . By hypothesis (Altmann & Gray, 2008) , old control codes linger in episodic memory, causing proactive interference, but the architecture lets them decay, to keep interference from becoming catastrophic. The shorter the run length in a given condition, the less time there is for old codes to decay, so the more they will interfere with task focusing on the current trial -predicting increased task-focusing errors, and thus elevated error rates on incongruent relative to congruent trials. If this pattern extends through Run length 1, this would imply that interference from old control codes is a factor under explicit-cuing conditions, and thus support an integral role for episodic memory.
There are two ancillary factors in the experiment. I included a within-subjects manipulation of the CSI, in part because such manipulations are more common than not, but also because CSI effects have been interpreted to suggest that explicit-cuing performance does not involve task representations stored in episodic memory (Logan & Bundesen, 2003) . I also manipulated cue type (e.g., ''parity'' and ''even odd,'' both referring to the same task), but this manipulation was between participants and mainly to improve generality, so I treat these two conditions as internal replications and emphasize empirical patterns that replicate for both. (Mayr & Kliegl, 2000 , discuss effects of cuing the response mapping with a cue such as ''even odd.'')
Method Participants
Four hundred Michigan State University undergraduates participated in exchange for partial credit toward a course requirement. An additional 40 were replaced because their average accuracy for the experimental session was below a block-level threshold (see Procedure section). Replacements were evenly distributed across the 8 groups (6 replacements in each of four groups, and 2, 3, 4, and 7 replacements in one group each).
Materials
Cue type (one word, two words) varied between participants. The one-word cues were ''parity'' and ''magnitude'' and the two-word cues were ''even odd'' and ''high low.'' For two-word cues, the order of the two words in each cue was spatially congruent with the left-right position of the response keys. On each cued trial the cue was selected randomly within cue type. The imperative stimulus was one of the digits 1-9 except 5. On each cued and uncued trial, the imperative stimulus was selected randomly with the constraint that repetitions between trials were not allowed.
Cues and stimuli were presented in white against a black background in all-lowercase Monaco font. Characters were 5 mm tall, from baseline to x-height. The imperative stimulus appeared below the cue, separated by about 5 mm of blank space. Viewing distance was about 60 cm, so this separation subtended about 1 degree of visual angle, from center of cue to center of stimulus. Cue and stimulus were horizontally centered and the ensemble was vertically centered.
On each trial, the participant responded with one of two key-presses (''Z'' or ''/'' on a QWERTY keyboard) to signify whether the stimulus was even or odd or higher or lower than 5 (as required by the current task). The mapping of response categories to keys was randomized between participants. Labels indicating the response mapping were visible at the bottom left and right sides of the computer screen throughout the session.
Procedure
Participants performed a practice block with the experimenter present to answer questions, then performed 24 experimental blocks on their own. Each experimental block involved a series of runs, a run being a consecutive sequence of trials between cue presentations. There were 54, 42, 30, and 24 runs per block for Run lengths 1, 2, 3, and 5, respectively. The number of runs per block was chosen to roughly equate the time per experimental session across run length conditions, which was about 40 min.
After a block, the participant was given their accuracy for that block. If this was 100%, they received a message asking them to try to go a little faster. If it was less than 90%, they were asked to be more accurate (meaning that those whose session-level accuracy was less than 90% were not performing according to task requirements, and so were replaced). Participants started the next block after a selfpaced rest period.
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stimulus. No accuracy feedback was given after individual trials.
The switching factor, with levels switch and repeat, was defined at the run level. If the cue for the current run indicated the same task as the cue for the previous run, the current run was a repeat run. If the cue for the current run indicated the other task, the current run was a switch run. A repeat trial is a trial occurring in repeat run, and a switch trial is a trial occurring in a switch run. This run-based definition reduces to the usual definition of the switching factor under explicit-cuing conditions.
Design and Analysis
The complete design was 2 (Cue type: one word, two word) · 4 (Run length: 1, 2, 3, or 5) · 2 (Congruency: incongruent, congruent) · 2 (Switching: repeat, switch) · 5 (CSI: 100, 300, 500, 700, or 900 ms). The cue type and run length factors were between participants, with 50 participants per cell. The remaining factors were within participants. An additional, unbalanced factor was whether a trial was cued or uncued, with cued trials occurring in all run length conditions and uncued trials occurring only with Run lengths 2, 3, and 5.
The cue type factor was not of theoretical interest, so I omit it from analyses of variance (ANOVAs), yielding essentially two experiments with different cue types. I perform parallel analyses on each and take as systematic those patterns that replicate for both.
The practice block and the first run of each experimental block were excluded from analysis (the first run because the switching factor was undefined). Error trials were excluded from analysis of response latencies. Response latencies were trimmed by taking the median value for each participant for each cell of the design. Note. Inc = incongruent, Con = congruent, S = switch, R = repeat.
Results Tables 1 and 2 give response latencies and errors, respectively, separated by all factors of the full design. Table 3 gives omnibus ANOVAs for latencies on cued and uncued trials, and Table 4 gives corresponding ANOVAs for errors. I report additional statistics in the narrative below, as needed to follow up particular contrasts. The first empirical pattern of interest is the effect of run length on cued-trial latencies, plotted in Figure 1 (solid ink). The main effect of run length was significant for both cue types (Table 3) . Orthogonal Helmert contrasts showed that Run length 1 differed from longer run lengths, F(1, 196) = 26.7, p < .001, g p 2 = .026, for one-word cues, F(1, 196) = 51.2, p < .001, g p 2 = .035, for two-word cues; that Run length 2 differed from longer run lengths for oneword cues, F(1, 196) = 12.7, p < .001, g p 2 = .018, but not for two-word cues, F < 1; and that Run length 3 did not differ from Run length 4 for one-word cues, F < 1, but did for two-word cues, F(1, 196) = 26.6, p < .001, g p 2 = .026. Thus, cued-trial latencies were faster under explicit-cuing conditions than under randomized-runs conditions, consistent with a conditional role for episodic memory. Within randomized-runs conditions, there were no differences that replicated for both cue types.
Under randomized-runs conditions one can directly estimate the time spent on cue-related processing, by comparing cued and uncued trials. In Figure 1 , the trends for uncued trials across run lengths are roughly parallel to those for cued trials, and in fact difference scores formed by subtracting uncued-trial latencies from cued-trial latencies were not affected by run length, F < 1 for both cue types. Thus, factoring in the information from uncued trials reduces some of the noise in the Helmert contrasts above, Note. Bold = p < .05, italicized = .05 < p < .10.
and suggests that there is no evidence at all that cue-processing times (under randomized-runs conditions) were affected by run length. Altmann and Gray (2008) reported the same result from a comparison of longer run lengths. These null effects reinforce the interpretation that cue-processing time differs only as a function of whether or not task information needs to be stored in memory for use on trial(s) on which there is no cue. The second empirical pattern of interest is the effect of run length on the difference between incongruent cued trials and congruent cued trials. Error rates on cued trials are plotted in the top panel of Figure 2 . The Run Length · Congruency interaction was highly significant for both cue types (Table 4 , R · C), with the difference between incongruent and congruent trials greatest for Run length 1. However, congruent error rates were also slightly elevated for Run length 1, so I computed difference scores by subtracting congruent from incongruent trials for each participant for all the remaining cells of the design. Difference score means are plotted in the bottom panel of Figure 2 . The effect of run length was again significant, F(3, 196) = 13.2, p < .001, g p 2 = .169, for one-word cues, F(3, 196) = 9.0, p < .001, g p 2 = .121 for two-word cues. Orthogonal Helmert contrasts on these difference scores showed that Run length 1 differed from longer run lengths, F(1, 196) = 38.5, p < .001, g p 2 = .031, for one-word cues, F(1, 196) = 26.6, p < .001, g p 2 = .026, for two-word cues; that Run length 2 did not differ from longer run lengths for either cue type, Fs < 1; and that Run length 3 did not differ from Run length 4 for either cue type, F(1, 196) = 1.3, p = .264, g p 2 = .006, for one-word cues, F < 1 for twoword cues. These results are consistent with an integral role for episodic memory in cognitive control. The difference between incongruent and congruent trials was greatest under explicit-cuing conditions, consistent with the idea that under these conditions old control codes had the least Table 4 . Results of 4 (Run length, cued trials: 1, 2, 3, 5) and 3 (Run length, uncued trials: 2, 3, 5) · 2 (Congruency: incongruent, congruent) · 2 (Switching: repeat, switch) · 5 (Cue-stimulus interval: 100, 300, 500, 700, or 900 ms) ANOVAs for error rates Note. Bold = p < .05, italicized = .05 < p < .10.
time to decay and thus maximally intruded on task focusing. Note that these error results and the latency results from earlier point in opposite theoretical directions. Finally, from Figure 1 it appears that on cued trials there was a latency switch cost for the longest runs, and although the Run Length · Switching interaction was significant (Table 3 , R · S), latency switch costs were still significant at Run length 5, F(1, 49) = 38.5, p < .001, g p 2 = .440, for one-word cues, F(1, 49) = 29.4, p < .001, g p 2 = .375, for two-word cues. If latency switch cost on cued trials is caused by repetition priming, as two existing models contend (Altmann & Gray, 2008; Logan & Bundesen, 2003) , then the substantial latency switch cost at long run lengths suggests that the source of repetition priming is mostly the previous control code (Altmann & Gray, 2008) rather than the previous cue percept (Logan & Bundesen, 2003) . The CSI · Switching interaction has also been taken as evidence of repetition priming from the previous cue percept (Logan & Bundesen, 2003) , and was highly significant here (Table 3 , S · I), but was not further modulated by run length (Table 3 , R · S · I), suggesting again that repetition priming comes mainly from a control code stored in memory.
General Discussion
The question of interest was whether or not episodic memory processes are involved in explicit-cuing performance, that is, under conditions in which every trial is cued such that task information does not strictly need to be stored in memory for use on later trials. The latency data suggest that episodic memory processes are not involved. Cued-trial latencies were faster under explicit-cuing conditions than under randomized-runs conditions and did not differ systematically within randomized-runs conditions (Figure 1) , consistent with fewer processing stages under explicitcuing conditions. The error evidence, in contrast, suggests that episodic memory processes are involved. The difference between error rates on incongruent and congruent trials, which measures error rates in task focusing, was greatest when run length was shortest (Figure 2) , that is, under conditions in which old control codes were hypothetically most likely to intrude on task focusing.
The overall data pattern suggests a speed-accuracy tradeoff, with decreased response latencies and increased error rates under explicit-cuing conditions compared with randomized-runs conditions. However, to explain the Run length · Congruency interaction for errors (Figure 2) , the locus of the tradeoff would have to be task focusing. Conceivably, if less time were spent activating the control code under explicit-cuing conditions than under randomized-runs conditions, then the code would be less active and potentially less accessible to task focusing. Alternatively, and not necessarily exclusively, if less time were spent on task focusing under explicit-cuing conditions, perhaps due to a lower retrieval threshold (Altmann & Gray, 2008) , the rate of intrusions from old control codes would increase.
Whether and in what combination these mechanisms could account for the data is a question that would need to be answered by simulating them, which is a project well beyond the scope of this study. Nonetheless, the larger issue is that even if the data reflect a speed-accuracy tradeoff, the Run length · Congruency interaction for errors seems to implicate task focusing, and thus an integral role for episodic memory in explicit-cuing performance. An alternative explanation for the latency results is in terms of preparatory eye movements to the location of the task cue. As in most if not all previous explicit-cuing studies, the cue and stimulus here were spatially separated, by about 1 degree of visual angle, center to center. This separation may have been enough to generate saccades from one location to the other. Under explicit-cuing conditions, with a cue on every trial, the saccade from stimulus location to cue location could have been entrained to the trial response, with the response being the trigger for the saccade. Under randomized-runs conditions this simple contingency was not available, because multiple trials requiring responses were presented in succession without intervening cues, all requiring fixation only on the stimulus. A counting strategy to identify the last trial of a run would probably have cost more for its counting operations than the time saved by a preparatory eye movement at the end, and there was no other visual feature that onset during the RCI that could have triggered a saccade externally. The time saved by a preparatory eye movement would have been about 300 ms at maximum, which is roughly the difference in cued-trial latencies across explicit-cuing and randomized-runs conditions (Figure 1 ).
This explanation of the latency data would tip the balance of the present evidence sharply toward an integral role for episodic memory in cognitive -a role also supported by evidence from other lines of work. One such line involves the episodic retrieval construct (Hommel, Musseler, Aschersleben, & Prinz, 2001; Neill, 1997) , which turns out to account nicely for response repetition effects in explicit-cuing performance (Altmann, 2011) . The basic Error rate (%)
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One-word cues Two-word cues Figure 2 . Error percentages on cued trials (top panels) and incongruent-congruent difference scores (bottom panels). Error bars are standard error of the mean. idea is that response (and stimulus) repetition effects are driven by feature-level matches and mismatches between the processing context on the current trial and an episodic trace encoded from the processing context on the previous trial and retrieved on the current trial. The implication, again, is that, under explicit-cuing conditions, an episodic memory encoded on one trial affects performance on the next.
A different line of evidence involves task-switching studies in which cues are mapped 2:1 to tasks. This mapping introduces an additional level of switching, namely trials on which the cue switches but the task does not. Logan and Bundesen (2003) presented evidence of a null difference in latencies on cue-switch versus task-switch trials, interpreting this to mean that there were no task representations (separate from cue representations) involved in explicit-cuing performance. However, studies from other laboratories have generally found that cueswitch latencies are significantly faster than task-switching latencies (e.g., Altmann, 2011; Monsell & Mizon, 2006) , and that on other measures, including errors (e.g., Altmann, 2006 Altmann, , 2011 Horoufchin, Philipp, & Koch, 2011; Mayr & Kliegl, 2003; Monsell & Mizon, 2006) and lag-2 repetition cost (Altmann, 2007b; Gade & Koch, 2008) , cue-switch trials behave like no-switch trials and unlike task-switch trials. Thus, the bulk of the evidence from studies with 2:1 cue-task mappings generally supports the existence of task representations that are independent of the perceptual cues that signify them -which is another way to characterize a control code. All but two of the experiments cited above (Altmann, 2006 (Altmann, , 2007b used explicit-cuing procedures, suggesting that cue-independent task representations are involved even when a cue is perceptually available on every trial.
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In conclusion, the latency data presented here support a conditional role for episodic memory in cognitive control, but could also be an artifact of eye movements under conditions in which they were easy to anticipate. The error data, in contrast, support an integral role for episodic memory in cognitive control, converging with evidence from the episodic retrieval literature and with evidence that explicit-cuing performance involves cue-independent task representations. The implications are potentially far reaching, suggesting that any kind of performance involving conditional interpretation of stimuli leaves behind a finegrained episodic history that is available to inform and/or interfere with performance in the future.
Studies have asked whether cue-related processes change when redundant cues are added to the materials to form 2:1 cue-task mappings (Altmann, 2006; Kleinsorge, 2012) . The answer seems to be ''yes'' -even Schneider and Logan (2011) found that across their experiments task-switch cost was significantly higher with a 2:1 mapping than with the standard 1:1 mapping. The mechanisms of these mapping effects are not yet well understood, but it is worth keeping in mind that when we modify our procedures to measure particular processes, we may also be modifying the processes.
